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Electrical machine core innperfectioo 

detection 

C. Rickson, C.Eng., M.I.E.R.E. 

UT^z: Conditio.^ mcniwnno. FcuU dctcuon. Foul, hcoKon, C<ntra,on. Motor, 
TV i«,-nh« iSe develeDm-m ef s core imperieciion monitorinB and deteelion sysiem which 

fiuU location and nsc of in-,picmcnuiion arc ducuiscd. 
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1 Introduction 

Tradiiionaily. the sutor cores of large motors and gener- 
a-ors have been tested for hot spots by msialhng an excita- 
tion winding to produce a circumfereniial ring nux around 
the core. This is invariably carried out with the rotor 
removed from the (nachine (sec Fig. I). Testing a large core 
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excitation binding 



mama 




would then be connected to a supply of the order of 
3 MVA to induce 507,* of the normal operating f^ux 
density in the core. . « u u 

On smaller machines, once a high flux has been 
induced, operators are often known to attempt to detect 
heal rises derived from the circulating currents m the 
damaged laminations. By hand, obviously, the preferred 
method is to use infra-red camera techniques on critical or 
larger machines. The camera is used to scan along and 
around the bore surface measuring the temperatures of the 
tips of the stator teeth. Surface damage may be readily 
apparent, but it is often very difTicuit to detect deep seated 
faults, and those below the coil windings. Typically, a deep 
seated fault may require up to an hour of excitation to 
produce temperature rises of sufTicicni magnitude to be 
deteaablc. As a consequence, this method is unlikely to 
indicate a maior fault which is often missed due to 
resulting confusion brought about by the difTlculty encoun- 
rercd in distinguishing between the deep seated fault and a 
minor surface fault. A large generator which may be six 
metres long, hiis typically a stack of some 200000 individ- 
ual steel laminations and each lamination should be insu- 
lated eleciricallv from its neighbour. 7 he whole stack is 
clumped together using the building bars. It is obviously 
vital to prevent unwanted currents being generated in the 
iron of the finished core. In the evenr of insulation break- 
down between the laminations, serious overheating m the 
core can result. 

This may. in turn, damage wmdmg and ccrtaimy 
affect the efTicicncy of the machine. Unfortunately, the 
insulation between laminations may also become damaged 
near the bore surface during assembly, or m operation, c-r 
maintenance, due to the inclusion of foreign bodies. In the 
event of this happening, a circuit may be compleind 
through the damaged area, the laminations ana the bui.d- 
ine bars. During operation, the rotating flux of the 
machine will then induce currents in this c;rcuit which can 
lead to dangerous overheating or hot spots in the damaged 
areas as shONvn in Fig. 2. If allowed to persist, the ho' f.pcts 



Fig. 1 SvhtmQtK (tUmram for elect mrrntinrtic W^t mtthoJ nnJ urrn/ioi- 
mfnt ft if tntiucitiu flux 

u Schemaitc dispr>^rr for »hc clccirofnaitnciic icai mcil-od 
b Schcmansaf'^npcmcni fcr mducinu flui 

would typicallv require several turns of 1 1 kV cable 
capable of carrying approximately 300 A. This would be 
wound through the bore and round the outside of the 
stator casing. For a 500 MW generator, this winding 
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can damiec :he machine and cause electrical insulation, 
around the conductors in the siator windine. to deteriorate 
raoidly. Each time the winding insulation temperature is 
z^xz&tdcd by as little as \0r., 50"<. of the insutaiion life is 
lost. 

2 Description of monitoring system 

To enable a rapid assessment of the state of a machine 
core and :o make possible a rapid repair and return to 
service, an ciectromagneiic core imperfection detector was 
(i*velcpcd and is now used extensively throughout the UK 
power ecneracion and the L'S power utilities. This system 
of fauit^dctection is less cumbcrsonr.e and provides a more 
sensitive test which enables the detection of potential hot 
spots clectromagnetically. Its main advantage is that is is 
readily adaptable to i^ield work as it requires only a low- 
voltaee. low-currcnt supply, even when used on the largest 

machine. ^ . . 

The winding itself requires only a few percent of the 
operating rtux and induces very small currents through 
any damaecd regions in the core. Consequently, any 
heating that is produced is insignincant. whereas with the 
conventional ring flux testing, the ring flux test ilself may 
cause further damage as the machine is otTline during test, 
and hence has no cooling. 

The system described in this paper detects and measures 
the currents induced m a fault directly. Even if the damage 
is deep down in the slots between the staior teeth in the 
potentially dangerous position adjacent to wincing insula- 
tion, detection is very simple. Apart from the obvious con- 
veniencc of speed and sensitivity, if a fault is detected it is 
csscnlial to be able to take some remedial action. The 
deteciion system uses a simple pick up coil which enables a 
mcasuremcni of the electromagnetic hclds produced in the 
air by a current flowing along the iron surface. This coil 
may be left m place during a repair while laminations arc 
sepkruied. etched or ground, and the effect of the remedial 
aciicn can thus be monitored in seconds. 

The coil itself consists of a long thin soicnoid with a 
double layer of nne wire uniformly wound on a Hcx.blc 
insuiaiioE former. The voltage induced in the coil is pro- 
portionaf to the line integral of ihe alternating magnetic 
iield alone its lencih. According to Amperes law. this inte- 
gral alons any closed path completely around a conductor, 
is equal to the current through that conductor. When the 
current is tlowing along an iron surface, the magnetic 
intensity in the iron is much less than it is in the air. owing 
to the high relative permeability of the iron. Hence, the 
line integral of the magnetic intensity in '.he air is almost 
equal to the current, and the output voltage of the coil is a 
eood measure of the current, when us two ends are placed 
on the iron bridging the circulating current within ihe 
laminations. The coil used for this purpose is known as a 
Chaiiock magnetic potcnitomcier and ^vas invented in 
188"? by Prof. Chatiock. To use the Chatiock .sensing coil, 
the sensor is slid along the bore on the opposite corners of 
adjacent teeth, (with the two ends of the coil bridging the 
further corners of the teeth). 

This enables any surface or deep Imbedded fault to be 
encompassed and a diagnosis of its magni'.ude and posi- 
tion to be achieved. The arrangement for the connection of 
the potentiometer is shown in Fig. 3, 

It is quite obvious that no rotating machine is perfect 
and oven in the absence of any core damage, a Lirgc 
voltaec is induced in the Chaitock poicniiomcter spanning 
a pair of teeth. This voltage ts due to the circumferential 
r>^.,rn,>';r Hr!H frnm ihc .:\CitiM'.i vvinriin-: ;\ni1 in the c;iNe -^f 



a fault, the excitation Kux iS typically ten times larger than 
anv fault curren: that might be detected. To enable a sensi- 
tive discrimination betwe'en the cxcicatton ftu.\ and the flux 
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chottccK pctenticmeter 




Fig. 3 Ti'>r nrruitifi'mifnt 

-h= C-huUocli potcm.orr.fi« ..-nv.-s .he MPO tciwccft i«th due to ^u^h ihe UL.t 
.yffcn^ ' and ihu c.c.viuv;n cafrtn. N t Mu:h ni tnc ..^nal i*^ ! ^ ;:;U«f 
f=rn,-.cu -.th o< .crnpcn^.tum z.^iU The ru;:uon ; .s .ypically >U5 jnd % .^ 
ftumrvr iif ii.iuir icvii.*! 

induced from the circulating current in a fault, a com- 
pensation cot! is placed approxim.ately 50 mm above the 
tooth surface. This is subtracted from the Chaitock poten- 
tiometer voltage and enables a 'rtrsi level' of discrimination 
to be achieved. Obviously, the complete climmation of the 
unwanted voliace induced by the excitation is not pos.sibic 
due to local variations in the permeability of the core. An 
;irrani:cmenl for the potentiometer and compcnsaUon 
circuu is ^hown in Fig. 4. r-ortunaiely. there ts a phase 



chaliecu 
potenlio/relrf 



output 
signal 



compensation 

= 3(1 — 




^hift between the excitation llux and those lluxos produced 
from circulating currents caused by faults, as prcviousU 

indicated in Fig. 2. , • - i u 

The phase .shift occurs because the circuii ihrtntgh 
which 'he fault current Dows h.is a fairly high resistance 
;,nd consequently is almost out of phase wuh the mam 

'^""eiSinc the sitnal from the Chatiock coil t iho main 
processor of the cq'uipmeni it is possible 10 elimmatc the 
signal due to the excitation. This i.> done by using a phase- 
sensitive detector which measures the amplitude of the 
voltage from the potentiometer at the msiunl m time when 
Ihc voltage induced bv the winding current is 7.cro. 

A phase-sensitive detector, ihcrciore. only requires one 
secondary input signal to g(ve the phase of the magnetic 
held due to the winding current alone, und this is achieved 
usine the reference coil in the bore of the machine. The 
-ferencc cotl h;i< :i r- -^tie ^a^e and can be elamned M 
1 c^iQ -95 1^90 ='PGE.02 



j6'09 99 MON 09:32 FAX 1 51S 3S5 1090 



REQ. DESIGN ENG. 



©003 



anv convenient place within the bore. The flux rotating 
within :hc machine links the coil and induces a voltage 
nroponional to it in magnitude and phase. This is then fed 
10 the signal processor to enable the riiminat.on of tne 
unwanted excitation fluxes. 

Once a circulating fault current has been detected, the 
voltaee. which is directly proportional to this current, is 
amDiined bv several orders of magniiude. proportional to 
the alternat'ing current flowing between the hmbs oi the 
potentiometer. This voUage is metered to cnabie the mag- 
nitude of faults to be measured. An output .s also provided 
to enable a plotter or recorder to be used. 

3 Basic thoory of operation 

As mentioned briefly in the preceding Section the theory 
of operation is based on Amperes law. which states that 
for any closed loop of the line inieeral. the m:ignetic inten- 
sity is equal to the enclosed current /. i.e. 

[f the current flows along an iron surface as shown in Fig. 
4, eqn. I can be rewritten 



/, = 50 A and A' * 50. the MMF between adjacent teeth 
is' - I A. 



(2) 



AS the penncabiliiy of the iron is very large compared with 
air, the field in the iron is much less than that m ihe air 
and therefore 



MMF 




-'SO* 




SO' 



180' 



Fig, 5 Variation in M M F around ihf core duf o* t^.omper, iurnx in ihr 

rtnu Hut windinti 

The instantaneous current may be represented by 

hence the insianianeous induced voltage around the whole 
core is 

(6) 

where ^ = f o)U L being the inductance of a single turn 
winding^round the core. The induced voltage across the 
damaged region is 



= JlV^ cos (jjt 



y Jl 



(7) 



i 111 

Using a Chaltock magnetic potentiometer, the difference 
in magnetic scalar potential between its two ends cati be 
measured. If the ends are placed on an iron surface close 
to. but on opposite sides of. the current path, as shown in 
Fig. 3, the output voltage due to the current is 

where 

Uo is the permeability of free space 

cj the angular frequency of the current 

n the number of turns per metre of the winding 

A the cross-sectional area of the winding. 

Here capital letters denote RMS values. 

It is worth noting that the coil sensitivity is independent 
of its length and its path in air. The coil output is virtually 
the same as if it had completely encircled the conductor in 

**"^'Even in the absence of any core damage, there is also a 
large magnetic potential difference due to the ampere turns 
/ through the excitation winding. The va.ue ol / . 
required to produce the electric field varies considerably 
between stators. being dependent on the initial per- 
meability of the iron. As the circumferential flux is vir- 
tually constant around the core, the MMF of the winding 
-i- IJl. decavs linearly around the core, provided that the. 
permeability 'does not vary circumfcrentially. This result, 
depicted in Fig. 5. can be derived by solution of the 
Laplace equation for the magnetic potential. As most oi 
the MMF is developed across the conductor slots, the 
magnetic potential at the teeth tips is almost constant and 
equal to the potential at the centre of a tooih. Hence the 
MMF between adjacent teeth, not enclosing the winding 
or carrvine fault currents, is simply found: for example, if 
03 1959 09=42 



where I, and / arc the lengths of the damaged region and 
ihe whole laminated core, respectively. Reprcsentmg the 
fault current through the damaged region by = ^11, 
cos + f) and solving for If and e gives: 



cos cuf + totf sin (Jf 



(S) 



where and L, represent the resistance and inductance 
of the fault circuit respectively. Because the fault currents 
uenerate extra, noncircumfercnliul. fluxes within the core 
The inductance per unit length L,//, is much greater than 
L 7 that of the excitation winding whose flux is almost 
entirely circumferential. Examination of eqn. 8 shows that 
if the fault current is low (i.e. Ry S> ^oLv it .s almost .n 
phase quadrature with and is therefore readily mea- 
sured by the phase-sensitive detector which is set at 90 . 

The reference signal to the phase-sensitive detector is 
derived from a coil in the bore which monitors the phase 
of the excitation current. The phase-sensitive detector is set 
to discriminate the signals in phase with respect to the ref- 
erence The output voltage due to the maeneuc scalar 
poicntial difference due to the excitation winding, mea- 
Lred by the Chaltock potentiometer .s virtually el.mi- 
nated. This enables small fault currents to be detected. 

4 Operation of the detection system 

To enable a fast and cfTectivc test on a motor or ceneraior 
core five turns of low current-capacity cable arc wound 
through the stater bore around the outer casing of the 
machine, much in the same manner as used .n a cotivcn- 
lional test. However, the coil is only connected to a small 
variable transformer supplied- from a convenient muins 
supply. This allow, a small ring flux to be set up m the 
stator. 
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To enable a standard unit of measunnient. ihe icsis 
have bssn Standardised to in excitation of 5 volts per 
|l,.,re of core length. To set ihis in a convenient 
manner, one winding (a trace wind.nei is used in conjiinc- 
rion with the excitation ano connec'.eo to a voltmeter. It is, 
iv«n a Mtnple task lo multiply the machine core lengin m 
metres by five to enable the standard excitation ot S V,n. 
The \ar:ac is then adjusted to give :ht appropriate level of 
excitation. ^ ^^^^^^^^ ^^^^ set>sine head is scanned 
alone adiacent conductor slots. The sensor span is adjust- 
ablc'to be compatible on test wiih the distance between the 
corners of adiacent conductor teeth. The sensing head is 
traversed from one end of '.he rr.nch.ne to the other on 
consecutive teeth until the whole surlacs has been moni- 
tor'd Careful note of meter deilsciion magnitudes and 
plotttT readines arc obviously important. A complete 
machine can be tested thoroughly in a few hours, and on u 
smaller motor a complete test can be carried out in 
approximately 30 minutes with the use of a prcwouna. 
pluggable excitation cable. 

5 Interpretation of results 

It is apparent that for a perfect rr.achine. the measured 
responses would all be linear. However, in praciiec. ih-rc 
are minute irregular circulating currents all over 
machine. Typically, these may give signals of magniiudcs 
of (he order of 15 mA. These are iicneral background 
Trceularities. However, a major fault often sjivc.-; in excess 
of \\o( signal and the position type .md characteristic ol 
the fault is rcadiW observed. To .liusir.u.- the dillcrcnecN in 
response to various fault types. Fie. 6 ^hows a ^cno oi 




(ii) Damaccd resions of Stators. which are normally 
repaired bv Grinding and etching to remove burrs, may be 
moni-.ored' in a few seconds. Alternatively, the eonvcn- 
tional test would require the whole area to be cooled ana 
men re-excited for up to an hour to see the progress ol a 
repair In addition, when a fault has been identified anc a 
repair implemented, it may not be possible to carry out 
further tests. In practice, many instances .-.ave been report- 
ed where ins repair appears cosmetically elTcctive but in 
fact, upon subsequent examination it has been lound that 
the fault conciiion has been exacerbated. ^ ^' 

'iiil Deeply imbedded faults are readily detected and the 
magnitude of the fault is measurable. With the ring flux 
test: if the fault is detected, it is not obvious whether it is a 
minor fault near the surface or a major fault deep down 
under a conductor. However, with careful extrapolation, 
jn estimate of the fault location may be made in certain 
circumstances. It is. however, difficult and involves con- 
siderable computation. 

6.2 Comparison of tests based on fisid results 

621 Test earned out on a 164 MVJ generator: In ihis^ 
lest' a fault ^vas simulated by damaging a small section ol 
core approximately I cm down from a tooth tip. This auU 
was lirst recorded by a conventional ring rtux test ..■ith an 
cxc.talicn of approximately 80':„ of rated '"d"«a^ 
After 10 minutes, the temperature was measured n the 
vicinity of the fault. The criteria for judging a fault was 
standard in that a threshold of S C rise would just be lol- 
cfible on the spccilic location in the damaged area. An 
actual temperature rise of 7^ was detected. \n comparative 
terms, this was ISO":, more than the mmimum that would 
normallv reLjuire remedial action. 

On the tcM carried out by the system described in thii 
paper, the criteria for judging a fault was standard m that 
, threshold of 100 mA pick up would be considered toler- 
•iblc when ^ V m of excitation is induced in the bore of a 
machine. When the svsicm test was carried out unccr the 
<.,,mc fault coniliiions. the trace <hown in Fig. 7 was 



surlocp iQull laull Oelo* <S»^ Vfoi»<S 
SI cemre ol looih corr>»' loull ot>ovc 





Fig. 7 Ki\/'" 



Fig. 6 I .irj.ifii"' "i ivvf"ii.>T ••• ' ' T'X'' 

typical plotter recordings. It shovvs ihe ouipuls for three 
typical fault positions of equal maeniHiJc. 

6 Assessment of the method compared with the 
conventional ring flux test 

5 J Advantages 

li) Excitation is much smaller allowing a low voltage, 
low ampere supply to be used as a supply for the test. This 
obviously improves the safety standards for operators and 
for the machine as it is irr.possible to damage the machine 



Obtained giv.nu a pick up of !60 m.A. ^''^'^.V^M , ' 
w:.s obviou..ly a good corrcluiion as the ihrcshold level, 
were exceeded by 50".. on the nna Ilux test, and 60 .. on 

6 22 Test carried out on 16^0 MW generator: This test 
was carried out on a lar« generator manufactured in the 
USA in uhich the winding had been removed and a series 
of faults were introduced on the top of looth tips anu a 
5 e ho om of slots. The types of faults introduced ranijcd 
r om hammer and chisel mdemations. to the welding 
toccther of a packet of laminations between 1 cm ..nd 
\ ?m lone. CotSparisons were then earned out using the 
developed monitoring system and the ring Ilux me hod. 

In this scries of trials.- the developed system wa. 
,aempied tirst. Onee again, using a relatively sma. vurii.c 
'he faults «cre readily diagnosed. Interestingly, tne 
h-immcr and diisel marks gave very '|ttle <hc w;.y of 
rt?ln.. curreni. It was also es.ahl^hed that wddm. 
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over the same number of laminations ai the base of the 
sioi was not quite so cfTeaivc. At ihe time cf conducing 
r'ne'tcst this was thought to be unlikely, as on visual 
inspection the welding looked identical; however, this was 
iner connrmcd on the ring flux test and in one instance z 
r^inor fault detectable with the developed system was not 
dciecied at all with the conventional thermal imaging 
equipment. The conclusion, in this instance, was that the 
developed monitoring system is more sensitive than the 
core ring tesi. There was very good correlation between 
the results obtained with the two techniques. It was also 
concluded that when using the ring flux test in the pre- 
sence of a large fault, the short-circuits themselves can 
create more short-circuits and hence a runaway condition, 
which could give rise to subsequent machine failure, 

6 23 Tesr carried out on a UK machine returned from 
several years field duty (142 MW): This case illustrates a 
typical comparison of faults carried cu: on a machine in 
which a small fault had first been located by the nng flux 
technique. This correlated well with the results mdicated 
bv the monitoring system and indicated a fault magnitude 
of 0 26 A. An alarming situation also arose with this test, 
however. A major fault of 1.2 A went uncetccicd with the 
conventional ring flux test (sec Fig. S), 
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Table 1 : Qoarato r subiflCtivity tn test core fauit location' 
Operator 



Thermo- 



1 
2 
3 

5 
6 
7 
8 
9 



9.e^ 

9.1 
9.5 
5.2^ 

n.r 

9.2 
8.3 
7.7 
m 31 
m' 16 



Inspection 


cleciromagnGtic 


method 


core impC'feciion 


subsorfeca 






s jrface 




Nnl located 


ICO c 


11.5 C 


Not located 


SAC 


120 C 


Not iccated 


9.6 C 


U.5 C 


Not located 


5.7*C 


13.0 C 


Noi located 


10.3 C 


13.0-C 


Not located 


10 8 C 


12.0C 


Not located 


9 9"C 


U.O'C 


Not located 


9.9 C 


11 0 c 


Not located 


10.2 C 


13.0 C 




8% 


8"/:. 




3*'<. 


27.. 



• Readings have been converted .nto tneir lemperaiure equivalents for 
companson 

Note: m is v.. deviation f*om mean ,^ 

m is -v.. deviation frorr. ^ican without h<gn and low readings 




Fig. 9 
0 O 



Fig. B Re^pfin^* ohtuintJ from the mnnUnrinu n * <t^u\ 

u The rwronsrt derived for slots 66 inJ 6? i^dw^ic .nmor dunu^c lo ihc i.p ol the 

l^T^OO mA r«por«: on ,I<M 2^ ind.otc. vJ.mufc lowurj. ihc bcuom o." ihw sUm 

7 Operator subjoctivitv 

An experiment was devised lo determine the extent to 
which operator subieciiviiy jfTccis inspection when using 
the thermographic method and the clcctromaenctic core 
imperfection detection method. Nine operutors. trained in 
both techniques, independently examined a surface and a 
subsurface fault in a test core. Their findinas arc listed m 
Table I and plotted in Fig. 9. 

7.7 Tabulated comparison of test techniques 
These tests were carried out in accordance with Reference 
1. The techniques presented in Table 2 are listed in terms 
of their relative strengths and weaknesses. Specifically, m 
the areas of safety, creoaration lime itnd accuracy. 
21 19=9 09:43 



8 Conclusions 

There have been several comparisons of methods in the 
UK and USA and in mOSt cases the correlation has been 
extremely cood. However, when a decision has to be made 
0 carry 5ul a repair which may be deep seared and 
involves removing coils, it is often desirable to check w.th 
both systems, using the ring flux lest to verify the fault and 
using the developed core imperfection equipment further 
to monitor the repair • n • li 

For field operation, a ring flux test is totally impossible 
and a quick check of a core could be most desirable. In 
instances where a machine rotor has been delivered at a 
difTcrent lime to a stator. an assurance that no transit 
ima«^ incurred is often required. Apart from 

the dSrabiliiy of the machine core being fault free, argu- 
^:;eat on subsequent insurance claims in the insta^^^^^^^^^ 
finding a fault on location may a so be minirni^ed. 
However, in most cases, the main cnieria is the mmimismg 
of down time and keeping capital equipment funnmg for 
l< long as possible. The system described in this paper has 
been used on numerous large machines and the resulunt 
cost effectiveness has been demonstrated. 

Tests carried out on small machines now run into the 
thousands and the biggest advantage here would appear to 
be in the saving of repair time and the confidence xMih 
which a fault may be located, the repair implemented, and 
the machine returned to service. 

1 519 395 1P90 ^=PGE.05 
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Table 2 : Sumn 


nary chart 
















1 


11 


1)1 


IV 


\j 


Siferv (fiskl 




oomc 


None 




Minimum 


None 


Machine 


Minirrum 


None 


Mmirnum 


Minimum 


None 


Logistics 


TiTie. hr 




6-3 


20-35 


24-36 


10 


Material 


Extensive 


Mtnirnum 


Exterisive 


Extensive 


Moderate 




Powar required 


nign 


None 


High 


Hiah 


Low 




Pers3r>net 


5-10 


1 + 


0— 1 u 


6-10 


3 


Quatity of caia 


Accuracy 


Poor 


'VtOOBrdla 


Poor 


Good 


High 


Ooserve*'- 


High 


Modcraie 


ModCrstC 




Low 




subteciivity 








Limited 


Yes 




Perrnanent 


No 


Notes only 


Notes only 




record 










Yes 




Subsurface 


No 


No 


No 


Limited 




detection 








Plux only 


No 




Operaitonal 


Flux only 


No 


Plux only 




coridiiions 








Yes 


No 
No 


Other benefits 


Hgo!5 cce 


Yes 


No 


Yes 




Vib'Sies core 


Yes 


No 


Yes 


Yes 




Can test 


No 


Yes 


No 


No 


Yes 




partial core 













Key. 

I - h3nds-on mscecttcn 

!i - visual insoecucn 
III = surface treatments 
!V = thermogrijpnic injcecticn 

V - cicctromagnei'C core impen'ection detection 
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